Introduction
The structural complexity and diverse biological activity of the aspidosperma alkaloids have long served as an inspiration for development and application of new chemical synthesis strategies. 1 A subset of these natural products are hexacyclic C19-hemiaminal ether aspidosperma alkaloids that include the potent caspase-8 inhibitor (+)-haplocidine (1, Figure  1 ) 2, 3 and the structurally related (+)-haplocine (2) . 2 Related natural alkaloids include (+)-fendleridine (3) 4, 5 and (+)-acetylaspidoalbidine (4) that possess the same hexacyclic structure without A-ring oxygenation, along with (+)-cimicine (5) 6, 7 and (−)-aspidophytine (6) 7, 8, 9 as C21-lactone variants of the subfamily with A-ring oxygenation. As an outgrowth of our cyclization studies concerning synthesis of pentacyclic aspidosperma alkaloids, 10, 11 we sought the development of a versatile and unified strategy to secure these hexacyclic alkaloids. Herein, we describe the first total syntheses of (+)-haplocidine (1) and (+)-haplocine (2) . Our synthesis features the critical use of transiently formed pentacyclic C19-iminium ions for securing the desired hexacyclic C19-hemiaminal ether architecture and a final-stage palladium catalyzed C17-H oxidation.
The unique structure of C19-hemiaminal ether subfamily of aspidosperma alkaloids has stimulated the development of elegant synthetic strategies. 1,2,4-9 Current synthetic routes to these alkaloids can be categorized into two groups based on the strategy for critical C19-hemiaminal ether introduction. One solution to this structural element is the C19-oxidation of pentacyclic intermediates. 5, 7, 9 This approach has been applied to the syntheses of (±)-fendleridine (3) and (±)-acetylaspidoalbidine (4), 4, 5 in addition to (−)-aspidophytine (6) 9 and related alkaloid (+)-haplophytine 12 starting with A-ring oxygenated starting material. 7 An alternative approach secures the desired C19-oxidation state via a cycloaddition reaction. 5e, 13 While this inventive solution bypasses the need for C19-methine oxidation, it does require additional reductive steps after cycloaddition, in addition to the use of chiral chromatographic separation to access enantiomerically enriched (+)-fendleridine (3) and (+)-acetylaspidoalbidine (4). We aspired to develop a unified strategy for the syntheses of (+)-haplocidine (1) and (+)-haplocine (2) that would involve regioselective late-stage A-ring functionalization and highly stereoselective cyclization events to rapidly generate their hexacyclic architecture.
Results and Discussion
Our retrosynthetic analysis of (+)-haplocidine (1) and (+)-haplocine (2) is illustrated in Scheme 1. Structural comparison of these hexacyclic C19-hemiaminal ether alkaloids with the biogenetically related aspidosperma alkaloid (+)-fendleridine (3) highlighted the need for the development of a final-stage C17-hydroxylation. We envisioned N1-acetylation and N1-n-propionylation of (+)-fendleridine (3) followed by amide directed C-H oxidation would provide the C17-hydroxylated alkaloids (+)-1 and (+)-2, respectively. We identified an opportunity to develop a unified strategy to secure the C19-hemiaminal ether hexacycle shared by (+)-haplocidine (1), (+)-haplocine (2), (+)-fendleridine (3), (+)-acetylaspidoalbidine (4), and related aspidosperma alkaloids. 6, 8 Informed by our mechanistic study of the interrupted Bischler-Napieralski reaction, 14, 15 we planned the spontaneous interception of the transient C19-iminium ion of putative pentacycle 7 with the C21-alcohol to directly obtain the desired C19-hemiaminal ether found in this hexacyclicgenre of aspidosperma alkaloids (Scheme 1). We envisioned transannular cyclization of lactam 8, promoted by electrophilic amide activation, followed by regioselective C2-reduction to provide the necessary pentacyclic iminium ion 7. Given the natural occurrence of the characteristic aspidosperma skeleton with C21-oxygenation in both enantiomeric forms, 1, 16 we devised a synthetic strategy that would allow for an advanced-stage stereochemical divergence. Thus, in place of an early introduction of the C5-quaternary stereocenter via asymmetric alkylation chemistry, 11 we sought the resolution of a versatile substrate to access the desired C21-hydroxylated lactam 8.
functionalization. Deprotonation of ester 9 with lithium diisopropylamide (LDA) in the presence of N,N'-dimethylpropylene urea, followed by α-alkylation of the resulting dienolate with indole iodide 10 11 afforded divinyl ester 11 in 43% yield. 17 Trifluoroacetic acid (TFA) catalyzed Friedel-Crafts-type reductive alkylation 18 of indole 11 followed by tandem hydrolysis of the trifluoroacetamide and n-decyl ester provided the amino acid 12 in 87% yield over two steps (Scheme 2). Slow addition of a solution of amino acid 12 and Hünig's base in dichloromethane to a solution of triphenylphosphine and iodine 11, 19 in dichloromethane gave lactam 13 in 69% yield. Treatment of triene 13 with Hoveyda-Grubbs II catalyst afforded lactam (±)-14 in 78% yield. 20, 21 Exclusive hydration of the C20-alkene of lactam (±)-14 via a Wacker-Tsuji oxidation, 22 provided the corresponding C21-aldehyde that was reduced in situ to give alcohol (±)-15 in 79% overall yield (Scheme 2). The C5-quaternary center of alkene (±)-14 is likely responsible for the anti-Markovnikov mode of hydration. 23 We next focused on the resolution of alcohol (±)-15 with primary interest in accessing enantiomerically enriched (−)-15 to secure the (R)-C5-stereochemistry required for the C19-hemiaminal ether aspidosperma alkaloids (+)-1-4 ( Figure 1 ). After exploring a variety of strategies using chiral auxiliaries for preparation of alcohol (−)-15, including modifications of the synthetic route outlined in Scheme 2 and the C21-derivatization of alcohol (±)-15 to allow separation of diastereomers, 24 we recognized the superiority of an enzymatic kinetic resolution of alcohol (±)-15. Whereas the kinetic resolution of primary alcohols with β-branching and a variety of secondary alcohols is well established, 25 the resolution of non-β-branched primary alcohols is challenging. 26 The paucity of methods for the resolution of alcohols with remote stereochemistry notwithstanding, the accommodation of the polycyclic alcohol (±)-15 as a potential substrate was of concern given the existing level of success with simpler substrates. 26 We began our investigation with Candida antarctica lipase B (CAL-B) and a lipase from Candida rugosa (CCL) based on their prior success with non-β-branched primary alcohols. 27 Unfortunately, we saw no acetylation of alcohol (±)-15 with CAL-B (Table 1 , entry 1), likely due to the relative complexity of alcohol (±)-15 compared to prior substrates. 27 We observed an encouraging level of acylation using alcohol (±)-15 and CCL (Table 1 , entries 2-3) 26f that prompted further examination of solvents and additive choices (Table 1 , entries 4-5), resulting in alcohol (−)-15 with modest level of enantiomeric enrichment (74% ee) at 65% conversion. With further experimentation we discovered that the use of a lipase from Burkholderia cepacia with t-butyl methyl ether as solvent at 10 μM concentration of the substrate afforded the desired alcohol (−)-15 with synthetically useful level of enantiomeric enrichment (92% ee) at 55% conversion (Table 1, entry 6).
With these promising conditions available for resolution of alcohol (±)-15, we turned our attention to further optimization and implementation of this strategy for synthesis of the desired lactam 8 (Scheme 1). The addition of dichloromethane as co-solvent (10:1, v/v) and use of vinyl acetate (4.50 equiv) in resolution of alcohol (±)-15 [5 μM] with Amano PS lipase led to excellent selectivity (E=22), providing one of the most effective kinetic resolutions of a complex non-β-branched primary alcohol. 26 These conditions afforded the critical alcohol (−)-15 in 36% yield (10 h, 64% conversion) with an excellent level of enantiomeric excess (>98% ee) 17 along with isolation of acetate (+)-16 (60%, 56% ee, Scheme 3). 28 Furthermore, the enatiopurity of recovered acetate (+)-16 could be readily enhanced using a CCL hydrolytic resolution to give alcohol (+)-15 (90% ee, 46%) with excellent potential for synthesis of the characteristic (S)-C5-aspidosperma skeleton containing C21-oxygenation. 6, 8 The versatility of lactam (−)-15 for the synthesis of C21-oxygenated aspidosperma alkaloids is illustrated in Scheme 4. Hydrogenation of lactam (−)-15 followed by p-nitrobenzoylation of the C21-alcohol gave benzoate (+)-17 in 82% yield. The electrophilic amide activation of lactam (+)-17 under our optimal conditions 11 resulted in the diastereoselective formation of diiminium ion 18. Regioselective C2-reduction with tri-n-butyltin hydride in situ afforded the critical C19-iminium ion 19 as the prelude to accessing the crucial C21-hydroxyiminium ion 7 (Schemes 1 and 4) . Importantly, the presence of the electron-deficient C21-ester was found to be ideal for the desired transannular cyclization step in preparation of iminium ion 19. The absolute and relative stereochemistry of the pentacyclic C21-oxygenated iminium ion 19 was unequivocally secured via its conversion to aspidosperma alkaloid (+)-limaspermidine (20, Scheme 4). 5, 17, 29, 30 Gratifyingly, mild in situ methanolysis of iminium ion 19 resulted in the release of the C21-alcohol and spontaneous cyclization providing direct access to hexacycle (+)-21 in 80% yield from benzoate (+)-17 (Scheme 4). While unraveling of the N1-amine afforded (+)-fendleridine (3), a subsequent N1-acetylation provided (+)-acetylaspidoalbidine (4), in 84% and 88% yield, respectively (Scheme 4). All spectroscopic data as well as the optical rotation data for our synthetic (+)- We next focused on the development of our biogenetically inspired strategy for final-stage C17-hydroxylation of fendleridine derivatives (Scheme 1) to provide (+)-haplocidine (1) and (+)-haplocine (2). We envisioned the N1-amide could provide the necessary guidance 32 to afford a regioselective C-H bond oxidation, offering an exciting strategy for late-stage diversification and amplification of the molecular complexity of the C19-hemiaminal ether aspidosperma alkaloids.
Inspired by recent advances in the ortho-C-H oxidation of N-phenylacetamides, 33 we sought to develop a similar transformation for the desired C17-hydroxylation of fendleridine derivatives. While conditions exist for ortho-hydroxylation of many N-acylazaheterocycles, 34 N-acyl-indolines are a challenging set of substrates for orthofunctionalization due to the geometry and distance between the directing amide and the target C-H bond. Existing methods for introduction of the desired ortho-C-O bond in simple indolines require the use of toxic lead or thallium reagents and often give product mixtures. 35 Prompted by successful indoline ortho-C-H functionalizations to give C-C, 36 White and Movassaghi Page 4 J Am Chem Soc. Author manuscript; available in PMC 2017 September 07.
C-N, 37 C-Se, and C-S bonds, 38 we focused on development of the first transition metal catalyzed indoline ortho-C-H acetoxylation. Our most promising results involving palladium-catalyzed ortho-acetoxylation 39 of N-acetylindoline (±)-22a as a model substrate are summarized in Table 2 . 17 The use of hexafluoroisopropanol (HFIP) and acetic anhydride provided the desired acetoxyindoline (±)-23a even at 55 °C, but required long reaction times and high catalyst loadings ( Table 2 , entries 1-2). Alternatively, the use of acetic acid and acetic anhydride solvent mixture (10:1, v/v) as the reaction medium at 100 °C led to faster ortho-acetoxylation (Table 2 , entries 4-6). Notably, lower yields were observed when the reaction was not purged with dioxygen prior to heating ( Table 2 , entry 3). Under optimal conditions, treatment of N-acetylindoline (±)-22a with palladium acetate (15 mol%) and bisacetoxyiodosobenzene (2.5 equiv) in acetic acid and acetic anhydride at 100 °C under an atmosphere of dioxygen for 9 h provided acetoxy-indoline (±)-23a in 84% yield ( Table 2 , entry 5). While the desired oxidation product was not formed in the absence of palladium acetate ( Table 2 , entry 7), the exclusion of acetic anhydride led to slightly lower yield of acetoxy-indoline (±)-23a (74%, Table 2 , entry 8).
Given our interest in the application of this amide-directed ortho-acetoxylation to fendleridine derivatives with varying N1-amides (Scheme 1), we evaluated the relative effectiveness of indolines (±)-22b-d 17 as substrates under the optimal conditions (Scheme 5). Notably, we were able to obtain the ortho-acetoxylation products (±)-23b-d from the corresponding N-pivaloyl, N-propionyl, and N-benzoyl indoline amides in 86%, 82%, and 59% yield, respectively. 17 The oxidation products (±)-23b-d were obtained under the standard set of conditions with excellent level of regioselection. In the case of amide (±)-23b, the s-cis conformer, the optimal conformer for directed ortho-acetoxylation, was calculated to be 1.52 kcal/mol lower in energy than the corresponding s-trans conformer. 17, 40 In contrast, the preference calculated for the s-cis conformer for amide (±)-23d was only 0.13 kcal/mol. Thus, the greater efficacy of substrate (±)-23b compared to amide (±)-23d is consistent with its enhanced Lewis basicity and s-cis conformational preference. This N1-amide directed acetoxylation could be of broader utility given the prevalence of the N-acyl indoline substructure in various bio-active molecules and natural products. 41 With efficient conditions for the ortho-oxidation of N-acyl indolines (±)-22a and (±)-22c at hand, we proceeded with development of a unified strategy for the first total syntheses of (+)-haplocidine (1) and (+)-haplocine (2) via a final-stage C17-hydroxylation of fendleridine derivatives (Scheme 6). Initial efforts towards the oxidation of (+)-acetylaspidoalbidine (4) to (+)-haplocidine (1) by direct application of the mildest conditions developed for Nacetylindoline (±)-22a ( Table 2 , entry 2) only returned the starting material. We posited that an unproductive N9-amine coordination to palladium may outcompete the N1-amide, consistent with the absence of basic nitrogens in substrates that efficiently undergo metalcatalyzed C-H functionalization. [33] [34] [35] [36] [37] [38] 42 Thus, we envisioned a strategy to deactivate the N9-amine by exploiting the reversible opening of the C19-hemiaminal ether of (+)-acetylaspidoalbidine (4). Heating hexacyclic alkaloid (+)-4 in a mixture of acetic acid and acetic anhydride (10:1, v/v) at 100 °C for 6 h led to quantitative conversion to the corresponding C19-iminium acetate ester 26 (X=H, Scheme 6). 17, 43 However, application of the mildest oxidation conditions to C19-iminium acetate ester 26 (X=H) led to no observed product formation. The use of more forcing conditions with C19-iminium acetate ester 26 (X=H), involving acetic acid as solvent at 100 °C, also did not provide the product. Employing a stoichiometric amount of palladium acetate provided (+)-haplocidine (1) after hydrolysis, albeit with less than 25% conversion along with recovery of (+)-acetylaspidoalbidine (4). 17 Attempts at promoting the reaction further through increased temperature, increased amounts of palladium acetate and oxidant, use of an atmosphere of dioxygen, extended reaction times and the use of alternate solvents did not result in greater conversion to (+)-haplocidine (1). 17 We surmised that the C19-iminum ion increases the energetic barrier for the C17-electrophilic palladation step compared to that involved in oxidation of N-acetylindoline (±)-22a. To our delight, a dramatic increase in the efficiency of the C17-oxidation was achieved using the C19-iminium trifluoroacetate ester 26 (X=F, Scheme 6) in place of the corresponding C19-iminium acetate ester 26 (X=H, Scheme 6). 17, 44 We determined that the optimal conditions involved the use of trifluoroacetic acid as the solvent, leading to clean palladium-catalyzed C17-acetoxylation of C19-iminium trifluoroacetate ester 26 (X=F, Scheme 6), likely due to more effective guidance by the N1-amide. In the event, exposure of (+)-acetylaspidoalbidine (4) amide directed ortho-oxidation of indolines is promising as a new method for functionalization of related natural or designed substructures. The concise and highly stereoselective formation of pentacyclic C19-iminium ion 7 offered a unified approach to C19-hemiaminal ether alkaloids (+)-fendleridine (3), (+)-acetylaspidoalbidine (4), and (+)-propionylaspidoalbidine (24) . The insights gained in the context of the development of the necessary chemistry including the versatile ortho-acetoxylation of indoline amides, the highly effective enzymatic resolution of a challenging non-β-branched primary alcohol, and strategic use of a pentacyclic C19-iminium ion are likely to be of broader utility. The critical C21-oxygenated lactam, prepared in both enantiomerically enriched forms, can serve as a branching point to access various aspidosperma alkaloids. 1, 16 Our strategy for the rapid formation of the C19-hemiaminal ether aspidosperma alkaloids and their biogenetically inspired late-stage C17-hydroxylation to give alkaloids (+)-1 and (+)-2 offers a highly concise route to these alkaloids.
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